We present results on the magnetic susceptibility of the second atomic layer fluid of 3 He adsorbed on graphite over a large temperature and coverage range. The fluid is found to display the well characterized behavior of a Fermi liquid. The temperature dependence of the magnetic susceptibility can be described well by Dyugaev's phenomenological theory of Fermi liquids. The effective Fermi temperature has been determined as a function of coverage. We find that the susceptibility enhancement factor ͑with respect to the Fermi gas of the same density͒ reaches values larger than in bulk liquid 3 He in high-areal-density fluids. In this regime the films constitute experimental model systems for the theory of strongly correlated fermions. Using previous heat-capacity measurements performed on the same system allows a direct comparison with the predictions of the quasilocalized model and the paramagnon model.
I. INTRODUCTION
The 3 He atom is a fermion due to its nuclear spin 1 2 . Bulk liquid 3 He is the canonical example for Fermi liquids. Its thermal and magnetic properties have been studied extensively 1,2 and are described well by the phenomenological theory proposed by Landau. By applying an external pressure, one can vary the density of bulk liquid 3 He in a limited range where the reduced effective mass varies between 2.8 and 5.85 and the susceptibility enhancement between 9.18 and 23. 7 . 3 The reduced effective mass is defined as m*/m, where m* is the effective mass of the quasiparticles in the Landau theory, and m the mass of a 3 He atom. The susceptibility enhancement (0)/ 0 (0) relates the zerotemperature susceptibility of the system (0) to that of the ideal Fermi gas of the same density 0 (0).
A much larger density range can be explored in 3 He films of atomic thickness adsorbed on a solid substrate. Due to the relatively strong adsorption potential, the atomic motion is confined to two dimensions. The areal density, measured in atoms/Å 2 , can be controlled experimentally. Contrarily to what is observed in three dimensions ͑3D͒, condensation is forbidden in the two-dimensional system. 4 As a result, the areal density of the fluid film can be varied continuously from the very dilute noninteracting regime to the dense highly correlated regime. These new Fermi liquids have been investigated by heat-capacity 5, 6 and NMR techniques. [7] [8] [9] At low temperatures, the heat capacity is linear in temperature, and the magnetic susceptibility is constant. These properties are common to both 2D and 3D Fermi liquids.
Motivated by previous NMR studies performed on preplated films, 8 we have investigated the magnetic behavior of pure 3 He films. One of the advantages of pure 3 He films is that their structure is well established by neutron diffraction. In addition, heat-capacity data from which the effective mass is obtained are only available for pure 3 He films. In order to test the applicability of theoretical models to 2D 3 He films, both susceptibility and heat-capacity data for the same system are required.
II. EXPERIMENTAL DETAILS
The nuclear susceptibility of 3 He adsorbed on Grafoil, an exfoliated form of graphite, has been measured in the temperature range 3. The experiments were performed using a dilution refrigerator. A melting curve thermometer was used to determine the temperature with an accuracy better than 0.3% in the whole temperature range. The amount of 3 He needed to complete the commensurate phase at submonolayer coverages 9 was 11.17 cc STP. The surface area of the sample determined by the commensurate phase coverage is 47.21 m 2 . The Grafoil sample was contained in a plastic cell surrounded by a NMR coil which forms a resonant circuit with the capacitance of the coaxial line, with a resonance frequency of 510.5 kHz. A continuous wave radio-frequency NMR spectrometer was used to determine the nuclear susceptibility of 3 He by numerical integration of the in-phase component of the NMR signal as the external magnetic field was swept. The amplitude of the sweep was on the order of 1 mT ensuring a signal loss lower than 2%. A detailed account of the experimental techniques can be found elsewhere. 9, 10 An additional run was performed at a submonolayer coverage ͑16.31 cc STP͒ where the nuclear susceptibility is known to follow the Curie law. 10 This provides a calibration of the spectrometer sensitivity for the magnetization measurements.
III. RESULTS AND DISCUSSION
For the 12 coverages investigated here, the system consists of two atomic layers of 3 He. The first layer is a highdensity solid of triangular structure. Its susceptibility follows the Curie law in our temperature range. 10, 11 This solid layer acts as a new substrate for the adsorption of the second layer. The adsorption potential is considerably smoothed out by this plating compared to that of bare Grafoil.
The second layer is fluid. At very low temperatures (TϽT F ) the susceptibility of the fluid is relatively small and constant. For TϾT F the fluid susceptibility is comparable to the solid contribution, and follows the Curie law. This behavior is clearly seen in Fig. 1 , where we show the product of the magnetization and temperature for some of the raw experimental data as a function of temperature. The first layer contribution ͑a horizontal line in this plot͒ is determined by the low-temperature data. The small increase as a function of coverage seen in the low-temperature regime is due to the first layer compression. This increase of the Curie contribution of the first layer agrees well with neutron scattering data 12 for the first layer density in the bilayer regime. For the highest coverage ͑31.79 cc STP͒, the lowtemperature contribution increases substantially. This corresponds to the onset of the second layer solidification, as clearly demonstrated by heat-capacity measurements 6 and confirmed by our NMR data at higher coverages, not shown here. The deviation of the magnetization from the Curie law is dominated by the liquid contribution. One observes that it increases with coverage, as expected from the larger number of atoms. In addition, there is a clear shift of the curves toward lower temperatures, indicating a decrease of the characteristic degeneracy temperature.
The signal of the fluid is found to be very well described by the phenomenological expression for the susceptibility of a Fermi liquid
over the whole temperature range. This expression defines the effective Fermi temperature T F ** . It should be pointed out that it also provides an excellent fit of the susceptibility of bulk liquid 3 He. The expression for the modified Fermi gas used in earlier works 8 deviates substantially from the data, especially at high densities and for temperatures somewhat larger than the effective Fermi temperature.
An important parameter for the data analysis is the areal density of the second layer liquid. Previous heat-capacity experiments 6 provided only estimated values for the second layer density. It is not possible to determine the actual number of atoms in the first or in the second layer by this technique. Our NMR data at the lowest temperatures provide a direct measurement of the number of atoms in the first layer N 1 even when liquid is present in the second layer. This can be seen in Fig. 1 . The number of atoms in the second layer N 2 is given with an accuracy better than 2% by N 2 ϭN tot ϪN 1 , where N tot is the known total number of atoms. It would be inaccurate to calculate the density of the second layer by simply dividing the number of atoms in the second layer by the submonolayer commensurate phase area given above. In fact, the effective area of the substrate increases slightly with coverage, as shown by neutron scattering 12 and NMR experiments. 10 We therefore determine the second layer density n 2 as n 2 ϭn 1 N 2 /N 1 , using the first layer density n 1 measured at second layer coverages by neutron diffraction. 12 With this procedure we obtain values for the second layer density with an accuracy of 3%.
The dependence of T F ** on the areal density of the second layer liquid is shown in Fig. 2 . The effective Fermi temperature decreases as a function of coverage in the density range from 0.02 to 0.06 atoms/Å 2 . Its magnitude is practically identical to that observed in the 3 He/ 4 He preplated system 8 and in submonolayer 3 He on Grafoil. 9 This clearly shows that the strength of the adsorption potential ͑different for the three systems͒ does not strongly influence the magnetic properties of the 3 He films. This is in contrast with the strong effect of the potential observed on the quantum exchange in solid films.
10,14 Therefore a single parameter T F ** , dependent on the density, characterizes the magnetic susceptibility of fluid 3 He films of atomic thickness. It would be interesting to investigate the magnetic properties of the fluid in the third layer where the adsorption potential is even weaker.
We observe a rapid decrease of the effective Fermi temperature for areal densities in the range from 0.05 to 0.06 atoms/Å 2 . At higher densities one observes a gradual solidification of the second layer. Although it is not within the scope of the present article to discuss this process, one should mention two possible effects. First, solidification may be induced by heterogeneity. Regions of higher adsorption potential can localize some fraction of the adsorbed fluid at relatively low coverages. Previous measurements of the first layer of 3 He adsorbed on Grafoil 9 showed that up to 4% of the atoms are localized. For the second layer coverages investigated here we find that this effect is negligible ͑less than 2%͒ due to the smoothing of the adsorption potential by the first layer plating. A second effect, the thermal growth of the solid, requires some care in the analysis of the data obtained for densities close to solidification. For coverages below 31.43 cc STP the areal density of the fluid is sufficiently low to exclude this type of solidification. The presence of solid at low temperatures is clearly seen in the data at a coverage of 31.79 cc STP. These are consistent with an effective Fermi temperature similar to that observed before the onset of solidification, as expected for a fluid-solid coexistence regime. The point shown in parentheses in Fig. 2 corresponds to data at a coverage 31.43 cc STP where there is clearly no solid in the second layer at low temperatures, as seen in Fig. 1 . However, since this coverage is close to the onset of solidification, we cannot exclude the possibility that some solid is formed as the temperature is increased. This effect would be similar to that observed in bulk liquid 3 He due to the negative slope of the melting curve. ͑See also Fig. 3 .͒ It should be pointed out that the results on preplated films shown in Figs. 5 and 6 seem to agree well with the data on the pure 3 He films investigated here. However, the effective mass values used in the analysis of the preplated films data are taken for densities that agree neither with those estimated by Greywall 6,15 nor with our corrected values, as seen in Fig. 4 . This is not a severe problem for the analysis of the data for low-density liquids. At high densities, however, the strong density dependence of the effective mass makes the agreement only qualitative since substantial error bars should be added to the preplated films data in this range.
IV. CONCLUSIONS
The second layer fluid of 3 He adsorbed on graphite is a particularly interesting two-dimensional system where the effect of heterogeneity is considerably attenuated by the plating effect of the first solid layer.
The magnetic susceptibility of this system has been investigated by NMR measurements. The Curie contribution for the first layer is found to increase slightly with coverage in the bilayer regime in agreement with the first layer compression measured directly by neutron diffraction.
The temperature dependence of the magnetic susceptibility of the second layer fluid is described well for a wide 3 He on 4 He preplated graphite ͑Ref 8͒; filled diamonds: bulk 3 He ͑Ref. 3͒. The thick line corresponds to the quasilocalized model ͑Ref. 17͒, and the thin line to the paramagnon model ͑Ref. 16͒. Our susceptibility enhancement factors larger than 22 cannot be represented in this plot due to the lack of heat-capacity data. Note that for these points very different effective masses are predicted by the different models. range of densities by the expression proposed by Dyugaev with a single parameter T F ** , the effective Fermi temperature. On the other hand, the modified Fermi gas expression used in earlier works does not fit our data adequately in the whole temperature range. We observe that the effective Fermi temperature decreases with increasing coverage for the entire coverage range investigated here. A comparison with our previous results obtained on submonolayer films shows that the magnitude of T F ** for a given density is rather insensitive to the strength of the substrate potential.
We find that the susceptibility enhancement with respect to the Fermi gas of the same density displays an exponential dependence as a function of the areal density. At the highest densities we observe that the susceptibility enhancement is stronger than in the bulk liquid. Values as high as 30 have been determined in this regime, not investigated up to now. Even values as high as 40 are possible, but the uncertainty of the structure of the films does not allow us to analyze the susceptibility data unambiguously in this regime as explained above.
Our results at moderate densities agree well with previous ones obtained on samples preplated by 4 He. However, the contention that the quasilocalized model is strongly supported by these data is not valid; we find that both the quasilocalized and the paramagnon models provide a reasonable description of the data in this coverage range.
These models, however, make substantially different predictions for higher-density films where our measurements reveal the existence of susceptibility enhancement factors larger than 30. The predictions of the quasilocalized model and of the paramagnon model for the effective mass in this coverage range should be tested experimentally by further heat-capacity measurements. These measurements, combined with the ones reported here, should then establish whether the physics of fluid 3 He is dominated by quasisolid or quasiferromagnetic effects. This system where the interaction parameter can be varied continuously from the noninteracting gas to the strongly correlated regime can also be used to test other theoretical models of correlated fermions.
